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1 Introduction

At RAN1#88bis meeting [1], it was agreed that:
	Agreements:

· At least for CSI-acquisition, for density 1 RE/port/PRB, X<8, and N=1 or 2 OFDM symbol, support X-port CSI-RS resource composed of M adjacent RE(s) in the frequency domain and N adjacent RE(s) in the time domain
· FFS X=1

· X=2: (M, N)= (2, 1) , FFS (1, 2)
· X=4: (M, N)= (4, 1) , (2, 2)
· FFS N > 2

· FFS: RE patterns for beam management

· FFS: the RE pattern for an X-port CSI-RS resource when X>=8

· FFS: the number of component CSI-RS RE patterns for X>=8-port CSI-RS resources

· Strive to minimize the possible pairs of (Y,Z) for the component CSI-RS RE patterns while considering configuration complexity and overhead


At RAN1#89 meeting [2], it was agreed that:
	Agreements:

· At least for CSI acquisition, for N=2 OFDM symbols, support adjacent OFDM symbols for one CSI-RS resource
· For N=4 OFDM symbols, down-selection between 2 and 4 for the minimum number of adjacent OFDM symbols for one CSI-RS resource
· At least for CSI acquisition, for N=2 OFDM symbols, support a uniform RE mapping pattern wherein the same sub-carriers are occupied in each symbol of one CSI-RS resource 
· FFS: For N=4 OFDM symbols, the RE mapping pattern of one CSI-RS resource
Agreements:

· At least for CSI acquisition, for density D=1 RE/port/PRB and X>4 ports, at least the following option is supported:

· For N=1 OFDM symbol, support [2 or 4] as the minimum number of adjacent REs in frequency domain for one CSI-RS resource

· FFS whether it’s 2 or 4

· For N=2 OFDM symbols, support [2 or 4 ] as the minimum number of adjacent REs in frequency domain for one CSI-RS resource

· FFS whether it’s 2 or 4

· For N=4 OFDM symbols, support [2 or 4] as the minimum number of adjacent REs in frequency domain for one CSI-RS resource

· FFS whether it’s 2 or 4
· FFS whether or not to support other options such as CDM CSI-RS antenna ports on a RE level comb based on phase rotation [cyclic shifts/sequences] including D=1 and D≠1
Agreements:

· For an X-port CSI-RS resource, at least for X = 1, support density D >= 1 RE/port/PRB

· FFS: Support for D > 1 for other values of X
· Note: For X = 1, CDM code value(s) assumed to be 1
Agreements:

· Confirm the WA of CSI-RS for Beam Management in RAN1 #88bis (copied below).
· For CSI-RS for Beam Management, NR supports sub-time units equal to and smaller than an OFDM symbol in a reference numerology
· FFS details including configurability, e.g., taking into account UE implementation complexity/capability and impact on CSI-RS design 
· FFS the case of time unit larger than an OFDM symbol in a reference numerology
· E.g., 
· Opt-1: IFDMA 
· Opt-2: Larger subcarrier spacing 
· Opt-3: DFT-based
· Down-select from the below options when sub-time unit smaller than an OFDM symbol in a reference numerology:
· Opt-1: IFDMA 
· Opt-2: Larger subcarrier spacing 
· Opt-3: DFT-based 
· Note: for beam management, the reference numerology for a bandwidth part is determined based on the UE-specific configuration for the bandwidth part


In this contribution, we discuss the overall design of NR CSI-RS, considering the functionalities of CSI acquisition, beam management and fine time/frequency tracking if supported.
2 CSI-RS Design for CSI Acquisition
2.1 CSI-RS pattern
At RAN1#88bis meeting, it was agreed that at least for CSI acquisition, the CSI-RS patterns for 2 and 4 ports are composed of M adjacent RE(s) in the frequency domain and N adjacent RE(s) in the time domain. Concretely, for 2 ports the pattern (M, N) is (2, 1), and 4-port CSI-RS patterns include (4, 1) and (2, 2). For more than 4 ports, the CSI-RS patterns and the associated component RE patterns for aggregation need further study. To guide the further design of CSI-RS patterns, our views on some key attributes are discussed as follows.
· Component RE patterns for more than 2 ports
One remaining issue of CSI-RS pattern design is “FFS: the number of component CSI-RS RE patterns for X>=8-port CSI-RS resources”. Since the agreed patterns of 4 ports can only be (4, 1) and (2, 2), arbitrary aggregation from 2-port CSI-RS has been precluded. Therefore, for X>4 ports, component RE pattern (2, 1) should not be supported, in order to avoid strange CSI-RS patterns and redundant signaling overhead. To achieve flexible configuration of CSI-RS as much as possible, the agreed 4-port CSI-RS patterns (4, 1) and (2, 2) can be good choices of component RE patterns. Compared with (2, 1), the advantages of adopting (4, 1) and (2, 2) as component RE patterns not only include the reduced signaling overhead, but also naturally avoiding strange patterns after aggregation.
For 8 and 12 ports, the number of OFDM symbols N in a CSI-RS resource can be 1 or 2. Dependence can be established between component pattern selection and number of symbols N for one CSI-RS resource configuration. As shown in Figure 1, when N=1, (4, 1) is adopted as component RE pattern, while (2, 2) is used for aggregation when N=2. Therefore, only frequency-domain aggregation needs to be adopted. In the cases of 4 OFDM symbols which is potentially suitable for 16 or 32-port CSI-RS resource, as it is agreed to down select between 2 and 4 for the minimum number of adjacent OFDM symbols and adjacent REs in frequency domain, the candidate component RE patterns could be (2, 2), (4, 2), (2, 4) and (4, 4). Considering flexibility and signaling overhead, (4, 2) and (2, 4) are preferred. In addition, since 4 adjacent symbols may not be always possible, (4, 2) is the best choice for component RE pattern.  
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 (a) N=1: (4, 1)                    (b) N=2: (2, 2)                    (c) N=4: (4, 2)
Figure 1.  Component CSI-RS RE pattern (Y, Z) for N OFDM symbols (One colour represents one configuration)
Table 1.  The numbers of OFDM symbols and component patterns for X-port CSI-RS (X>2)
	Number of OFDM symbols N
	Number of ports X
	Component RE pattern (Y, Z)

	1
	8, 12
	(4, 1)

	2
	8, 12, 16
	(2, 2)

	4
	16, 32
	(4, 2)


Proposal 1: For an X-port CSI-RS resource with more than 2 ports and N OFDM symbols, support the following component patterns:

· N=1: (4, 1)
· N=2: (2, 2)
· N=4: (4, 2)
· CDM pattern design
At low frequency, applying time-domain CDM has higher priority than frequency-domain CDM, due to the lower channel selectivity in time domain and maximum power utilization. However, at high frequency, the impact of phase noise should be carefully considered, which prefers not to have time-domain CDM. In addition, in cases similar as LTE class B K=1, for which port selection in the form of W2 PMI as well as RI/CQI needs to be reported, when the ports in the CSI-RS resource are transmitted by different analog beams which could not be contained in the same OFDM symbol, time-domain CDM cannot be applied as well. Therefore, flexible configuration on whether time-domain CDM is on or off should be supported.
Proposal 2: Support time-domain CDM can be configured on or off.
2.2 CSI-RS sequence 
Within a NR cell, a UE may be exposed to multiple TRPs or multiple beams from one or different TRPs.  The UE can be instructed to measure and report back the CSI associated with different CSI-RS ports. To provide a UE-cell-centre-like experience of measurement, the mapping of TRPs and their antenna elements to CSI-RS ports is transparent to the UEs. Since LTE Rel-11, the pseudo-random sequence generator parameter of CSI-RS can be configured by higher layer to support flexible dynamic TRP selection. Therefore, flexible configuration on the CSI-RS sequence should be supported. 
Similar as LTE, PN sequence can be adopted for NR CSI-RS as well. However, in LTE, within one OFDM symbol, the length of PN sequence per PRB is only 1, no matter how many REs are configured per symbol for one CSI-RS resource. At least two OFDM symbols and time-domain CDM are configured for one CSI-RS resource with arbitrary number of ports. Therefore, the length of PN sequence per PRB for one CSI-RS port is at least 2. It is well known that the more the length of PN sequence, the less the cross-correlation of PN sequences. If the length is only one, two arbitrary PN sequences are fully correlated. Different from LTE, NR has agreed on allowing one CSI-RS resource in only one symbol, e.g. (2, 1), (4, 1). Therefore, to avoid severe interference among PN sequences, length of PN sequence per PRB per OFDM symbol should be an integer more than one, e.g. the maximum value of frequency-domain CDM, the number of subcarriers per PRB (i.e. 12).
Proposal 3: The length of PN sequence for CSI-RS per PRB per OFDM symbol should be an integer more than 1.

3 CSI-RS Design for Beam Management
To simplify the CSI-RS pattern design while making sufficient network flexibility to support both separate and joint procedure of beam management and CSI acquisition, reusing CSI-RS pattern for CSI acquisition should be the starting point of CSI-RS design for beam management. The benefits of additional CSI-RS pattern should be verified before adoption. 
At RAN1#89 meeting, it was agreed that “For CSI-RS for Beam Management, NR supports sub-time units equal to and smaller than an OFDM symbol in a reference numerology”. When sub-time unit equals to an OFDM symbol, multiple CSI-RS resources within one time unit can be configured in FDM or TDM manner, each representing one beam for UE measurement. If using CRI as the beam related feedback, the 1-port and 2-port CSI-RS patterns agreed for CSI acquisition can be reused. 
For sub-time units smaller than an OFDM symbol, three options have been proposed, i.e. option 1 (IFDMA), option 2 (larger subcarrier spacing) and option 3 (DFT based). Option 1 (IFDMA) is used for fast Rx beam sweeping in P1 and P3, which requires the capability for faster beam sweeping at UE side than the network side. In addition, how to reduce the overhead and latency of Tx beam sweeping should be the key issue, not the Rx beam sweeping. Therefore, IFDMA is not a best choice. 
Compared with option 1, option 2 flexibly enables either fast Tx or Rx beam sweeping within one OFDM symbol for all beam management procedures (P1, P2 and P3). Another advantage is the possibility of reusing the CSI-RS patterns agreed for CSI acquisition, e.g. 1-port, 2-port CSI-RS patterns. Although the CP is reduced, for L1-RSRP measurement the accuracy could still be acceptable. Even for the CSI report (e.g. RI/PMI/CQI), the network could flexibly configure the value of subcarrier spacing according to the delay spread of the channel. When the delay spread is too long to consider larger subcarrier spacing, the same subcarrier spacing as reference numerology can be configured for CSI-RS transmission. 
Furthermore, as discussed in our companion contribution [3], independent configuration of the numerology for CSI-RS and data channel is beneficial for dynamic resource allocation of different numerologies. For example, the same CSI-RS numerology is configured at a time instance in one carrier, and the CSI over the carrier could be easily measured by UEs. By gNB scheduling, dynamic resource allocation of different numerologies could be achieved.

Proposal 4: Support option 2 (larger subcarrier spacing) for beam management with sub-time units smaller than an OFDM symbol in a reference numerology.
IFDMA is not preferred unless fast Tx beam sweeping in time domain within one OFDM symbol can be achieved. To resolve this issue, configuring some guard period between repetitions should be considered to realize time-domain Tx beam sweeping, which is composed of e.g. a last part of one repetition or some zero-power signals. The length of the guard period P is configurable according to the requirement of beam switching latency. When P=0, it falls back to the traditional IFDMA. Option 3 considers using DFT operation to generate some zero-power signals between repetitions, but the mapping from post-DFT signal to frequency-domain REs is not in a comb-like way which complicates the pattern design to be considered for CSI-RS. Therefore, the combination of DFT and IFDMA can be considered if comb type CSI-RS pattern is to be supported as well, namely DFT based IFDMA. Details refer to our companion contribution [4]. The configuration of this scheme can be composed of a comb pattern based NZP CSI-RS resource plus a rate matching (RM) resource, both resources sharing the same configuration parameters. Two parameters for the time/frequency RE locations are defined as follows. Some other parameters are also needed, such as bandwidth, periodicity (if supported) and slot offset.

· Parameter 1: frequency-domain location of REs

This parameter includes comb value b, and a b-bit bitmap u to indicate which offset RE is occupied. Value '1' means the corresponding RE is configured. 
· Parameter 2: time-domain location of REs

Suppose that total g OFDM symbols can be used for CSI-RS transmission, then define a g-bit bitmap v to identify in which OFDM symbols the subcarriers as indicated in parameter 1 are occupied.

For example, Figure 2 illustrates a comb 4 based IFDMA with two adjacent OFDM symbols. Assume that the 6th to the 14th OFDM symbols are potentially used for CSI-RS transmission, thus v is a 9-bit vector respectively corresponding to the 6th to the 14th OFDM symbols. The NZP REs of IFDMA is configured by a comb pattern based CSI-RS resource with b=4, u=[1 0 0 0] and v=[1 1 0 0 0 0 0 0 0], and the locations of ZP REs of IFDMA are indicated by a RM resource with b=4, u=[0 1 1 1] and v=[1 1 0 0 0 0 0 0 0].
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Figure 2.  One example of IFDMA
Proposal 5: Option 1 (IFDMA) cannot be supported unless time-domain Tx beam sweeping is enabled within one OFDM symbol, by configuring guard period between time-domain repetitions.
4 CSI-RS Design for Fine Time/Frequency Tracking

For 1-port CSI-RS, the agreed density can be equal to or larger than 1 RE/port/PRB. One typical use case of density D>1 RE/port/PRB is to constitute the TRS patterns proposed in [5]. 
Figure 3 shows two examples of TRS, one with uniform pattern, the other with staggered pattern. The 1-port uniform pattern is configured by a comb pattern based CSI-RS resource, of which the parameters for the time/frequency locations include b=4, u=[1 0 0 0], v=[1 0 1 0 0 0 1 0 1]. For the 1-port staggered pattern, two 1-port CSI-RS resources are configured in the same slot, with parameters for time/frequency locations shown as follows.
· 1-port CSI-RS resource 1: b=6, u=[0 0 0 1 0 0], v=[0 0 1 0 0 0 0 0 1] 
· 1-port CSI-RS resource 2: b=6, u=[1 0 0 0 0 0], v=[1 0 0 0 0 0 1 0 0]
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Figure 3.  Examples of TRS patterns
Proposal 6: One TRS pattern is supported by configuring one or multiple 1-port CSI-RS resources.

5 Conclusion
In this contribution, we discuss the design and configuration of CSI-RS in NR for multiple functionalities, i.e. CSI acquisition, beam management, fine time/frequency tracking if supported. In summary, the following proposals are made. 
Proposal 1: For an X-port CSI-RS resource with more than 2 ports and N OFDM symbols, support the following component patterns:

· N=1: (4, 1)
· N=2: (2, 2)
· N=4: (4, 2)
Proposal 2: Support time-domain CDM can be configured on or off.
Proposal 3: The length of PN sequence for CSI-RS per PRB per OFDM symbol should be an integer more than 1.

Proposal 4: Support option 2 (larger subcarrier spacing) for beam management with sub-time units smaller than an OFDM symbol in a reference numerology.
Proposal 5: Option 1 (IFDMA) cannot be supported unless time-domain Tx beam sweeping is enabled within one OFDM symbol, by configuring guard period between time-domain repetitions.
Proposal 6: One TRS pattern is supported by configuring one or multiple 1-port CSI-RS resources.

References
[1] RAN1-88bis Chairman Notes.
[2] RAN1-89 Chairman Notes.
[3] Huawei, “Overview of wider bandwidth operations”, R1-1709972, Qingdao, China, June 27-30, 2017.
[4] Huawei, “CSI-RS design for beam management”, R1-1709947, Qingdao, China, June 27-30, 2017.
[5] Huawei, “Reference signal for fine time and frequency tracking”, R1-1709934, Qingdao, China, June 27-30, 2017. 
